This study developed hydrologic models based on satellite remote sensing data from 2002 to 2010. Daily meteorological and hydrological data were used as model inputs to analyse the relationships between meteorological factors and water area, and to calculate the daily water area and mean reduced water area on an annual basis to analyse the trend of changes. By analysing BCC-CSM1-1 model data, the study derived a qualitative assessment of the future water area of the Poyang Lake Basin, China. The following results were found. (1) The water area had shrunk substantially since the 1990s, especially during the 2000s. Because of aridification, the water area had decreased by 22.5% from 1845 km 2 in the 1980s to 1430 km 2 in the 2000s. (2) Since 1990, the first day of its wet season had become delayed and the final day had advanced. Generally, the number of wet season days had reduced while that of the dry season has increased. (3) In all future scenarios, extreme events were projected to occur more frequently, suggesting dramatic volatility in water resources and great frequency of droughts, which would exacerbate the shrinking of Poyang Lake and represent a severe threat to its water security. Zhan et al.: Hydrologic impact of climate change on Poyang Lake Wetland, China -10704 -APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):10703-10716.
Introduction
Although wetlands cover only about 6% of the earth's surface, they provide many services for humans, such as food, water, recreation and space for living. Climate change is recognized as a threat to the health of wetland systems. Major changes in global climate can be summarized as follows: (1) changes in total precipitation and precipitation pattern; (2) increase temperature and evapotranspiration，especially in high latitude; and (3) an increase in extreme climate events (IPCC, 2013; Junk et al., 2013) . These changes will certainly induce variations in the structure, pattern, and function of wetlands by modifying temperature, precipitation, hydrology, and evapotranspiration (Erwin and Gardner, 2009 ). In North America, climate change will change rainfall patterns, thus affecting runoff and groundwater inflows to wetlands. In general, a decrease in precipitation or an increase in evapotranspiration will result in less-frequent flooding of existing wetlands. The magnitude and rate of climate change could alter the hydrology of the Great Lakes and affect wetland ecosystems. Because of an increased frequency and duration of low water levels, key wetlands are at risk, particularly those that are impeded from adapting to the new water level conditions by man-made structures or geomorphic conditions (Sierszen, 2012) .
In China, especially in north China, it is difficult to predict the loss of the wetlands because of the climate change. As the global mean temperature continues to increase, the glacier in Qinghai-Tibet Plateau accelerates dissolution. The area of some wetlands has shrunk, while some wetland areas have increased, such as Ulan Ula Lake (Yan et al., 2014) . But in south China, due to the combined effect of human activities and climate change, the wetland area is shrinking, such as Dongting Lake, Poyang Lake and so on (Liu et al., 2013; Cheng et al., 2016) .
Located on the southern bank of the middle and lower reaches of the Yangtze River, Poyang Lake is the largest freshwater lake in China. It covers an area of 162,200 km 2 and it accounts for 9% of the Yangtze River Basin. The lake is one of the 10 largest ecological reserves in China and it is a major global ecoregion, as designated by the World Wide Fund for Nature. It plays an essential role in the protection of worldwide biodiversity, management of ecological security, safeguarding of people's livelihoods and property, and implementation of national water resource strategies (Hu et al., 2007) . However, because of the impacts of climate change and anthropogenic activity, the wetland of Poyang Lake has "aged" rapidly in recent years, as evidenced in the lake sediments and by the shrinking of the lake and wetland areas (Jie et al., 2007; Qian and Dan, 2010; Jian et al., 2014) .
The development of remote sensing technology has enabled extensive analysis of the water area of Poyang Lake to be conducted. For example, Zhang et al. (2012) adopted satellite remote sensing data acquired during 1991-2000 to analyze the water area dynamics of Poyang Lake. Using statistical analysis to couple the water area data with water levels measured by hydrologic stations during the same period, they established a relationship between water area and water level that modeled water area changes well, despite inherent errors between the wetland and water areas based on the remote sensing analysis. Dai et al. (2013) compared Landsat images of Poyang Lake from around 1990 and 2000 and they reported a substantial reduction in water area.
This study used remote sensing data to analyze the change of area of Poyang Lake's main body and its adjacent waters during 2000-2010. The objectives were to determine the relationship between meteorological conditions and water level, simulate the daily water area of Poyang Lake's wetland from 1959 to 2008, and discuss its annual trend of change over the past 50 years. Furthermore, the study adopted future Representative Concentration Pathways (RCPs) scenario data provided by the BCC-CSM1-1 model, developed by the National Climate Center of the China Meteorological Administration. These projections were used to discuss potential changes in climatic and basin factors, surface runoff and hydrologic extremum, and the potential impact of temperature change on the water area of Poyang Lake. The findings constitute a reference for the provision of management solutions by decision-making departments and science-based suggestions for sustainable socioeconomic development.
Data

Meteorological data
Daily meteorological data from Jan. 1, 1959 to Dec. 31, 2010 were provided by the Meteorological Bureau of Jiangxi Province. The dataset comprised almost complete and regular data records (20:00 to 20:00 Beijing time) from a reasonably dense and welldistributed network of 79 meteorological stations located within the lake basin ( Fig. 1) . Missing temperature and precipitation data in some stations records accounted for ≤ 0.5% of the total dataset. The missing data were compensated based on inverse distance weighting using data from the nearest four stations (Appleton and Adlam, 2012); therefore, the missing data were considered not to compromise the mean value and the total value calculated on annual and monthly bases. 
Hydrological data
The Hukou Hydrologic Station is the control station located at the point where Poyang Lake discharges into the Yangtze River. The data recorded at Hukou reflect the level of Poyang Lake, which is governed by the levels of both the Yangtze River and the five major rivers that flow into the lake ( Fig. 1 ; Hu et al., 2010) . The hydrological data used in this study comprised daily water levels (Wusong Elevation) from 1961 to 2010 recorded at Hukou and Xingzi stations, provided by the Water Resources Department of Jiangxi Province.
Satellite remote sensing image data
The satellite remote sensing data of the water area of Poyang Lake (2002-2010) comprised 130 images acquired from the Poyang Lake Satellite Remote Sensing Data Bulletin released by the Meteorological Institute of Jiangxi Province. Figure 2 shows the water area of Poyang Lake measured by remote sensing on June 4, 2010.
Climate model data
To predict future global and regional climate change, future emissions of greenhouse gases and sulfate aerosols need to be considered and these are included in the Special Report on Emissions Scenarios. In 2014, the IPCC suggested the use of radiation intensity per unit area to reflect Representative Concentration Pathway (RCP) scenarios over the next 100 years. Different RCP scenarios (e.g., high, medium, and low) can be chosen based on projections of greenhouse gas emissions and equivalent CO2 concentrations (IPCC, 2014; Metz et al., 2007) . Figure 3 shows the correlation coefficients for the temporal and spatial distributions of temperature are 0.68 and 0.67, respectively, while those for precipitation are 0.58 and 0.45, respectively. All the root mean square deviations are < 0.5. Therefore, the BCC-CSM1-1 model is considered capable of simulating the daily temperature and precipitation at the station level for 1986-2005, indicating the suitability of the simulation data for the analysis of the spatiotemporal variations of temperature and precipitation. 
Methodology
Classification of water area
This study classified the water area of Poyang Lake using the following scheme. The historically largest water boundary was taken as its outer boundary and its historically smallest water boundary was adopted as its inner boundary. We considered the area outside the outer boundary as land not submerged by water and the area inside the inner boundary as land covered by the lake. The water boundary of the lake moves within the outer and inner boundaries on a daily basis. The area between the water and inner boundaries was defined as the expanded water area and the area within the outer and water boundaries was defined as the reduced water area (see Fig. 4 ). (5) 
Water area model of Poyang Lake
Land reclamation constitutes a major process via which the land resource of lake areas in the southern plains of China has been developed and exploited. The harnessing of reclaimed land to develop agriculture has long been practiced in the wetland area of Poyang Lake. Since the founding of the People's Republic of China, unchecked land reclamation has been undertaken. For example, the area of reclaimed land in the 1950s, 1960s, and 1970s was 394.9, 793.4, and 211.7 km 2 , respectively. However, by the 1980s, the situation was more controlled with only 66.9 km 2 of land reclaimed. Since the flooding that occurred in 1998, a policy of returning farmland to lakes has been phased in (Zhu and Kang, 2017) . By the end of 2001, 900,000 residents had been resettled and the water area increased by over 1000 km 2 . To avoid the influence of anthropogenic activity on the water area of Poyang Lake, this study used data collected from 2002 to 2009, after the return of farmland to the lake had been completed. These data included 98 samples of water area measured by remote sensing, water level measured at Hukou Station, and mean temperature and precipitation measured by the meteorological stations surrounding the Poyang Lake wetland.
Stepwise regression analysis (Arunajadai, 2009 ) revealed the strongest correlations between the water area determined by remote sensing and water level measured at Hukou Station, and between the 30-d accumulative mean temperature and accumulative precipitation. We established a functional relationship between water area, Hukou water level, and meteorological conditions as below:
where Y is the simulated water area of Poyang Lake, X1 is the 30-d accumulative mean temperature, X2 is the 30-d accumulative mean precipitation, and X3 is the water level at Hukou Station on that day. Based on 14 sets of remote sensing data of water area, water level measured at Hukou Station, and meteorological data, it was verified that this model could satisfactorily simulate the water area of Poyang Lake with a correlation coefficient of up to 0.986 and mean relative error of only 5.6% ( Table 1 ). No significant difference between simulated and measured data by F-test. In general, the simulation achieves the desired effect.
Inputting the data on temperature, precipitation, and water level at Hukou Station during the study period into Equation 1 produced the largest and smallest water areas of 5204 (August 2, 1998; Hukou water level: 22.53 m) and 725 km 2 (February 6, 1963; Hukou water level: 5.91 m), respectively. Therefore, this study adopted 5204 km 2 as the outer boundary and 725 km 2 as the inner boundary.
Results
Changing trends of drought and flood of the Poyang Lake Basin
To analyze the trend of change of the Poyang Lake wetland, we supposed the water area within the outer boundary and within the inner boundary was SMAX and SMIN, respectively, and the water area on a certain day was S. Therefore, we defined the following: We used Equation 1 to calculate the daily water area from 1959 to 2008. Its difference from the outer and inner boundaries was determined as the daily expanded or reduced water areas, respectively. Figure 5 shows the annual mean expanded or reduced water areas. According to the statistics in the Chronicle of Meteorological Disasters in China-Jiangxi Volume (CMA, 2010) and the Yearbook of Climate-Related Disasters in China (CMA, 2014), basin-wide severe flooding occurred in 1970, 1973, 1975, 1995, and 1998 . Taking 1998 as an example, 1329 villages and towns from 79 counties (cities or districts) were badly affected with direct economic losses of RMB38.714 billion. Basin-wide severe drought has occurred in 1963, 1971, 1972, 1978, 1986, 1988, 2001, 2003, 2004, 2006, and 2007 . Taking 2007 as an example, 352,000 ha of crops were affected by drought and 64,000 ha of winter crops could not be sown. Overall, 760,000 people and 310,000 large livestock lacked adequate supplies of drinking water. The time series of changing wetland area presented in Figure 5 reflects the occurrence of flood and drought disasters in the Poyang Lake Basin. Figure 5 shows that since 1990 the wetland area of Poyang Lake has had a trend of reduction. Particularly since 2000, several severe droughts have exacerbated this trend (the trend passed the 0.01 reliability test). The water area of Poyang Lake has shrunk substantially from the 1990s, especially during the 2000s. Because of aridification, the water area has shrunk by 22.5% from 1845 km 2 in the 1980s to 1430 km 2 in the 2000s. APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17 (5) 
Changing trend of wet season of Poyang Lake Basin
The wet and dry seasons of the Poyang Lake Basin were determined based on the water level at the Xingzi Hydrologic Station. When its water level was > 13.39 m, we considered the area to be in the wet season and the first day of such an occurrence was denoted the first day of the wet season (final day of the dry season). When its water level was < 10.22 m, we considered the area to be in the dry season and the first day of such an occurrence was denoted the first day of the dry season (final day of the wet season). The period between the first and final days of the wet season was called the wet season of Poyang Lake. Using daily hydrological data from Xingzi Station (1959-2009), we calculated the annual first and final days of the wet season and the number of wet season days.
According to Figures 6-8 , the first day of the wet season of Poyang Lake has had a tendency to become delayed (the trend passed the 0.05 reliability test). Conversely, the final day of the wet season of Poyang Lake has had a tendency to become advanced (the trend did not pass the reliability test). Generally, the number of days of the wet season of Poyang Lake has decreased since 1990 (the trend passed the 0.05 reliability test). This reduction has led to large-scale wetland loss and degradation, stunting the growth and development of both plants and animals. Taking the dry season from August 2006 to April 2007 as an example, it is evident that the eco-environment of the lake area has been influenced by the effects of climate change. Droughts have given rise to serious ecological issues, including the drying up of lake branches, degradation of lakeside wetland, and desertification of the lakebed. 
Climate prediction
Data from the BCC-CSM1-1 model, developed by the National Climate Center, is capable of simulating the climatic conditions of the Poyang Lake Basin. Based on systematic analyses, Zhan et al. (2013) verified the capability of the BCC-CSM1-1 model in simulating the spatial and temporal trends of temperature.
Temperature prediction
As shown in Figure 9 , under the three future climate change scenarios (RCP2.6, RCP4.5, and RCP8.5), the annual mean temperature of the Poyang Lake Basin would increase to different extents from 2011 to 2060. It would increase the least under the RCP2.6 scenario and it would increase the most under the RCP8.5 scenario. The rates of temperature rise under the RCP2.6, RCP4.5, and RCP8.5 scenarios would be 0.26, 0.37, and 0.44 °C/a, respectively. The mean temperature, however, would be highest (17.7 °C) under the RCP4.5 scenario and lowest (16.9 °C) under the RCP8.5 scenario.
Precipitation prediction
As shown in Figure 10 and Table 2 , under the three RCP climate change scenarios, precipitation in the Poyang Lake Basin from 2011 to 2060 would not change overall, although interannual fluctuation would be apparent. The annual mean precipitation would be lowest under the RCP8. 5 higher under the RCP2.6 and RCP4.5 scenarios. In terms of interdecadal precipitation distribution, the trends seen under the RCP2.6 and RCP4.5 scenarios would be consistent with a W-shaped pattern, i.e., reflecting a process of "fall-rise-fall." Under the RCP8.5 scenario, the Poyang Lake Basin could experience a prominent trend toward a hotter and wetter climate. lists the threshold values of extreme events in the Poyang Lake Basin. It is shown that from 2011 to 2060, dry years with 10% probability of occurrence would increase obviously under all three RCP scenarios but the increase would be greatest under the RCP4.5 and RCP8.5 scenarios. Over the past 50 years, wet years with 10% probability of occurrence remained largely constant under the RCP2.6 scenario but they decreased in number in both the RCP4.5 and the RCP8.5 scenarios. In general, under all three scenarios, extreme events would be expected to occur more frequently, suggesting dramatic volatility in water resources and greater frequency of droughts, which would exacerbate the shrinking of Poyang Lake and represent a severe threat to its water security. 
Conclusions and discussion
The Poyang Lake Basin is sensitive to the effects of climate change. Particularly since the 1990s, it has witnessed a rapid rise in temperature, fewer rainfall days, and increased precipitation intensity, which have increased the frequencies of floods in summer and of droughts in spring and autumn (Wang et al., 2009; Wei et al., 2015) . Since the 2000s, with even greater temperature rises and slight falls in amounts of precipitation, the Poyang Lake Basin has faced severe challenges of aridification and shrinkage of the lake area. Based on hydrological data from the Wuhe and Xingzi stations , a study by Min and Dan (2010) yielded almost identical results to those derived from the present work.
1. A statistical model built using hydrological and meteorological data was verified capable of reflecting changes in the water area of Poyang Lake. Based on the difference between the water area and the outer and inner boundaries, this study redefined and reclassified the area of the Poyang Lake wetland. The results showed that the change of wetland area satisfactorily reflected the variation between flood and drought throughout the entire basin. Since 1990, and particularly since 2000, acute reduction of the wetland area has accelerated its aridification.
2. Using the water level of the Xingzi Station as a benchmark, the first and final days of the wet season (first and final days of the dry season) of Poyang Lake were analyzed. It was found that since 1990 the first day has become delayed and that the final day (first day of the dry season) has advanced. The number of wet season days has decreased significantly and the wetland area is in the process of dramatic shrinkage.
3. Under the RCP2.6, RCP4.5, and RCP8.5 scenarios, it was discovered that the temperature from 2011 to 2060 would continue to rise in the Poyang Lake Basin. Although the precipitation amounts would remain similar, extreme droughts would occur with greater frequency and the water area would fluctuate more substantially, which would exacerbate the shrinkage and degradation of the water area, introducing greater instability to the ecological system. Irrespective of whether based on observed or remotely sensed data, previous research has largely agreed that the area of Poyang Lake has shrunk from the 1960s to the 2000s (Min and Dan, 2010; Feng et al., 2011; Gan and Liu, 2011) . However, considering the influence of the Three Gorges Dam Mei et al., 2015; Liu et al., 2017) , the future of the Poyang Lake Basin is more difficult to forecast. Based on future climate data, this study predicted exacerbation of the shrinkage of Poyang Lake. To overcome inadequacies identified in this research, our future work will use additional climate model data and a hydrological model to consider the effects of the Three Gorges Dam.
